A new kind of Yagi array of quarter-wave patch antennas is presented. The Yagi array has a low profile, a wide bandwidth, and a high gain. A main beam close to endfire is produced, with a vertical polarization in the horizontal plane. A set of microstrip lines are introduced between the driven element and the first director element to enhance the coupling between them, and therefore the bandwidth could be increased and the back lobes could be suppressed. Measured results show that the Yagi array with 4 elements generates a peak gain of about 9.7 dBi, a front-to-back ratio higher than 10 dB, and a 10 dB return loss band from 4.68 GHz to 5.24 GHz, with a profile of 1.5 mm and an overall size of 80 × 100 mm
Introduction
YAGI-UDA arrays of classical electric dipole antennas are famous and widely used [1] [2] [3] , because they provide a high gain and have a simple structure with only one driven element. However, the classical Yagi array of dipole antennas has a high profile (about half wavelength) if it is set for generating vertical polarization. Yagi array of monopole antennas [4] is also developed that produces a beam close to endfire and with a vertical polarization in the horizontal plane. Nonetheless, the Yagi array of monopole antennas has a high profile of 0.25 0 (where 0 is the wavelength in free space). In mobile communications, vertical polarization is usually preferred, since transmitter and receiver can keep the same vertical polarization for good connection no matter how transmitter or receiver rotates on a horizontal platform.
Recently, Yagi arrays of printed antennas [5] [6] [7] [8] [9] [10] [11] [12] have been studied, since printed antennas have a low profile, light weight, and easy fabrication. The microstrip Yagi array of half-wave patch antennas [5] [6] [7] [8] [9] provides a high gain and has its main beam tilted away from the broadside. This type of antenna can generate a vertical polarization in the horizontal plane. The quasi Yagi array based on classical dipole antennas [10] [11] [12] has a high gain, a wide bandwidth, and a main beam pointing exactly at endfire, but this type of Yagi arrays could only generate horizontal polarization.
In this paper, we propose a new type of microstrip Yagi array based on quarter-wave patch antennas. The microstrip Yagi array has advantages of low profile and simple structure and can easily be fabricated on a PCB with shorting vias. A set of microstrip lines are introduced between the driven element and the first director element to enhance the coupling between them, and therefore the bandwidth could be increased and the back lobes could be suppressed. An increase of the number of director elements would enhance the gain and have the main beam pointing closer to endfire. The front-to-back ratio of the presented Yagi array is higher than 10 dB. Compared with a half-wave patch antenna, a quarter-wave patch antenna has half the length of the half-wave patch, and therefore the Yagi array of quarterwave patch antennas has a smaller length compared with the conventional Yagi array of half-wave patch antennas. The comparison between the Yagi array of half-wave patch antennas and the Yagi array of quarter-wave patch antennas will be discussed in the paper.
Quarter-Wave Patch Antenna Yagi Array

Operation Principles.
The structure of the Yagi array based four quarter-wave patch antennas is shown in Figure 1 . Four quarter-wave patch antennas [13] [14] [15] Otherwise, a quarter-wave patch would act as a reflector when it has a larger length. The lengths of the directors and reflector need to be tuned with simulation tools (such HFSS) to have optimum values and to have the array radiating in forward direction. In order to make more power coupled into the first director from the driven element, three parallel microstrip lines with equal widths ( − 2 )/3 are introduced between them. Actually, the three coupling microstrip lines can be considered as a wide microstrip line with width that is cut with two slits with width , as shown in Figure 1 . The two slits cutting the wide microstrip line are to avoid the wide microstrip line resonating as a radiating patch. Therefore, the coupling effect between the driven element and the first director element is mainly through a guided wave under the microstrip transmission lines. On the other hand, the coupling between the driven and the reflector elements and that between the first and the second elements are through space wave. The width of the gaps between the coupling microstrip lines and the quarter-wave patches controls the coupling strength, which is usually less than the thickness ℎ of the substrate.
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The length of the coupling microstrip lines would have an effect on the directivity and front-to-back (F/B) ratio. The length is usually between 0.1 0 and 0.15 0 . We let all these elements have the same width , and then we tune the length of each element to control its resonant frequency. Optimized values for the parameters of the Yagi array are given in Table 1 .
4-Element Yagi
Array. Simulated and measured results for the reflection coefficient are shown in Figure 3 . The array has an overall size of 100 × 80 mm 2 and a profile of 1.5 mm. It shows that the simulated results agree very well with the measured ones. Measured results show that the array works in the band from 4.68 GHz to 5.24 GHz for the reflection coefficient being less than −10 dB, with a fractional bandwidth of 11.3%. The profile of the antenna is about 0.026 0 (where 0 is the wavelength in free space).
Also shown in Figure 3 is the reflection coefficient for the Yagi array without microstrip lines coupling between the driven element and the first director element. It shows that the bandwidth could be greatly improved when the coupling microstrip lines are introduced. Figure 4 shows radiation patterns in the elevation plane and in the azimuth plane for the Yagi array working at 5.1 GHz. It shows that simulated results agree very well with measured ones. While not shown here, the main beam would point exactly at endfire when the array is on an infinite ground plane. Due to the finite ground plane diffraction effects, the main beam does not point exactly at endfire but at an angle of about 45-50
∘ from the normal direction, when the array is in a finite ground plane. Measured results show that the cross polarization is less than −17 dB in the main elevation plane and less than −10 dB in the horizontal (azimuth) plane. The front-to-back (F/B) ratio that is used to represent the main lobe in the front quadrant over that of the reflected lobe in the back quadrant is higher than 10 dB. Figure 5 shows radiation patterns for other frequencies for the Yagi array. It shows that the beam directions are stable at an angle of about 45-50 ∘ from the normal direction. While not shown here, the cross polarization is also less than −10 dB for these frequencies. The back lobes for these frequencies are less than −10 dB, as shown in the horizontal plane in Figure 5 . Figure 6 shows the gains for the Yagi array in finite ground plane. Figure 6 shows that measured gains (dashed line) agree very well with simulated ones (dotted line). Measured results show that the array has a gain of about 9.5 dBi in the band from 4.68 GHz to 5.24 GHz. Figure 7 . The substrate, the first four patches, and the coupling microstrip lines are the same as the Yagi array shown in Figure 2 . The added eight director elements are the same as the second director element that has a length of 2 = 7.626 mm, and the apertures of the added eight director elements have the same size as that of the second element. The ground plane has a length of = 180 mm and a width of = 80 mm. The reflection coefficient for the Yagi array with 12 radiators is shown in black dashed line in Figure 2 . It shows that the 12-element Yagi array works in the band from 4.64 GHz to 5.22 GHz for the reflection coefficient being less than −10 dB, with a fractional bandwidth of 11.8%. The bandwidth of the Yagi array with 12 radiators is very close to that of the Yagi array with 4 radiators. As a matter of fact, the driven and the first director elements play a much more important role in the bandwidth than other elements, since the coupling through a guided wave under the microstrip lines between the driven and the first director elements is much stronger than the coupling through space waves between other elements. Therefore, adding more director elements would not help to enhance the bandwidth in this type of Yagi array. Figure 9 : Geometry of the Yagi array of half-wave patch antennas.
12-Element Yagi Array. The photo of the designed Yagi array is shown in
The gain of the antenna with 12 elements is shown in red line in Figure 6 . Measured results show that the peak gain of the 12-element Yagi array is about 10.5 dBi in the band from 4.64 GHz to 5.22 GHz, which is about 1 dB higher than that of the 4-element Yagi array. Measured radiation patterns for the 12-element Yagi array are shown in Figure 8 . It shows that the main beam of the 12-element Yagi array would point closer to endfire compared with the 4-element Yagi array. The beam direction is 65-75 ∘ entitled from the normal direction.
Comparisons with Yagi Array of Half-Wave Patch Antennas
In this section, the Yagi array of quarter-wave patch antennas is compared with the conventional Yagi array of half-wave patch antennas. The geometry of the Yagi array of half-wave patch antennas is shown in Figure 9 . To have a reasonable compassion, the two kinds of Yagi arrays are fabricated on the same substrate. The length of the driven half-wave patch antenna is twice the effective length [16] of the quarter-wave patch antenna. To prevent higher modes of the half-wave patch antenna to be excited, the width of the half-wave patch antennas is 25 mm, which is smaller than the width of the quarter-wave patch antennas. The parameters for the Yagi array half-wave patch antennas and those for the Yagi arrays of quarter-wave patch antennas are given in Table 1 .
Simulated results for the reflection coefficient and gain for the 4-element Yagi array of half-wave patch antennas are shown in Figure 10 . Simulated results for the radiation patterns in the elevation and azimuth planes for the Yagi array are shown in Figure 11 . Table 2 gives data for the comparisons between the Yagi array of half-wave patch antennas and the Yagi array of quarter-wave patch antennas. Table 2 , it is seen that the bandwidth of the Yagi array of quarter-wave patch antennas is slightly wider than the Yagi array of half-wave patch antenna. The size of the ground plane for the Yagi array of quarter-wave patch antenna is smaller than that for the Yagi array of halfwave patch antenna, because the length of each quarter-wave patch antenna is only half the length of the corresponding half-wave patch antenna. The main beam of the Yagi array of quarter-wave patch antennas points closer to endfire than that of the Yagi array of half-wave patch antennas, because a single quarter-wave patch antenna has an almost omnidirectional pattern in upper half-space (when in infinite ground plane) while a single half-wave patch antenna has its main beam point at broadside [6] . The F/B ratio for the Yagi array of quarter-wave patch antennas is higher than that for the Yagi array of half-wave patch antennas. The gains are almost the same for the two kinds of Yagi arrays. The efficiency for the Yagi array of quarter-wave patch antennas is not as high as that for the Yagi array of quarter-wave antennas due to the conducting loss of the shorting vias in the quarterwave patch antennas. Actually, the shorting-vias may also result in a sloppy fabrication, so the period of the shortingvias should not be too small (the period of the shorting-vias is about 2-2.5 times the diameter of the shorting-vias [16] ).
Conclusion
A new type of Yagi array of quarter-wave patch antennas has been presented and studied. The Yagi array has a wide bandwidth and a high gain and provides a vertical polarization in the horizontal plane. A Yagi array with 4 microstrip quarterwave patch antennas is designed and measured. Measured results show that the Yagi array generates a gain of about 9.5 dBi and a bandwidth of 11.3%, with an overall size of 100 × 80 mm 2 and a profile of 1.5 mm. An increase of director radiators of the Yagi array would enhance the gain and has the main beam pointing closer to endfire.
Compared with the classical Yagi array of half-wave patch antennas, the presented Yagi array of quarter-wave antennas has a smaller length, a slightly wider bandwidth, a beam closer to endfire, and a higher F/B ratio. However, the efficiency of the Yagi array of quarter-wave patch antennas is not as high as that of the Yagi array of half-wave patch 
